The production and half-lives of the heaviest chemical elements, now known through Z=112, are reviewed. Recent experimental evidence for the stabilization of heavy element isotopes due to proximity to deformed nuclear shells at E 1 0 8 and N=162 is compared with the theoretical predictions. The possible existence of isotopes of elements 107-1 10 with half-lives of seconds or longer, and production reactions and experimental techniques for increasing the overall yields of such isotopes in order to study both their nuclear and chemical properties are discussed. The present status of studies of the chemical properties of Rf, Ha, and Sg is briefly summarized and prospects for extending chemical studies beyond Sg are considered.
Introduction
Over the past ten years there has been a renaissance of interest in experimental investigations of the chemical properties of the heaviest elements as well as in studies of the nuclear properties and attempts to extend the periodic table still further. In this paper some of the experimental results on the chemistry of the transactinide elements, i.e., those with Z>103 (Lr) will be briefly reviewed. The periodic table as of mid-1997 is shown in Fig. 1 The "time line" for the discovery of the transuranium elements is shown in Fig. 2 . Seaborgium (Sg, element 106) was produced and discovered [l] at Berkeley in 1974 using the "hot fusion" reaction, 249Cf(l8O, 4n)263Sg (0.9 s). This discovery was confirmed some 20 years later by a different Berkeley group [2] using the same reaction, but with a different accelerator and experimental system. However, Sg was the last element to be discovered using a "hot fusion" reaction and elements 107 through 109 were not discovered until researchers at GSI in Darmstadt, Germany led by P. Armbruster exploited the use of "cold" fusion reactions and their newly constructed Separator for Heavy Ion reaction Products (SHIP) to discover 107 in 1981 [3] , 109 in 1982 [4] , and 108 [5] in 1984. The "cold" fusion reaction using target nuclei near the doubly magic 208Pb with appropriate neutron-rich heavy ion projectiles around Fe ( 2 2 6 ) had been suggested by Y. Oganessian of Dubna as a way to form a much "colder" compound nucleus which might then de-excite by emitting only 1 or 2 neutrons with resulting much smaller losses to fission. As the cross sections for production of still heavier elements and their expected halflives dropped still further, it became necessary to improve the efficiency and discrimination of the existing on-line separator systems, and it was not until 1991 that A. Ghiorso et aZ. [6] found possible evidence for 267110 based on the partial decay chain of one event from the cold fusion reaction 209Bi(59Co,n)*671 10. The measured lifetime was 4 ps.
In experiments conducted at GSI during November and December of 1994, S . Hofmann et al. [7] , using an improved SHIP, reported identifying two isotopes of element 110 of mass 269 and 271 using cold fusion reactions between 208Pb targets and 62Ni and @Ni projectiles.
Their half-lives were estimated to be only 0.17 ms and 1.1 ms, respectively. A combined Dubna-Lawrence Livermore National Laboratory (LLNL) team then reported [ 81 evidence for one event of element 110 in experiments performed during September to December, 1994 at the Dubna Cyclotron using the Dubna gas-filled recoil separator. But they used the "hot" fusion reaction 244Pu(34S7 5n)273110. Elements 1 11 and 112 were reported [9, 101 shortly thereafter in 1995 and 1996 by the GSI group, again using cold fusion reactions with 209Bi and 208Pb targets.
The cross sections for these "cold" fusion reactions to produce isotopes of elements 111 and 112 with masses of 272 and 277, and half-lives of 1.5 ms and 0.24 ms, respectively, were only about 3 pb, but for the "hot" fusion reaction to produce 273108, the cross section is estimated to be still lower, only -0.4 pb. Fig. 3 shows the trans-nobelium isotopes known as of early 1997.
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So it is now apparent that many isotopes of elements heavier than hahnium (element 105) can be produced.
The discovery in 1994 by a joint Dubna-Livermore group [11, 12] of the a-decay of longer-lived isotopes of Sg of masses 265 and 266 with half-lives they estimated to be from s based on a-decay systematics tended to confirm theoretical predictions [13-171 of enhanced stability against SF and a-decay of heavy element isotopes near the predicted doubly magic deformed shell at E 1 0 8 (Hs) and N=162. Although this doubly magic nucleus, 270H~, has not yet been detected, the Dubna-Livermore group [18] reported detection of 19 ms 270Hs, an adecaying odd mass isotope of element 108, and the GSI group [ 101 observed 269Hs with a halflife estimated to be -9 s as a product of the a-decay chain of 2771 12. Again, these results seem to support the predictions of enhanced stability toward SF in this region as well as the extra stability from the odd neutron. Previously it was believed that the even-even heavy element isotopes such as 266Sg would decay via SF with half-lives of the order of milliseconds as reported for 26oRf and 262Rf. However, a 2.1s SF activity has now also been assigned [19] to 262Rf.
It appears that many of these heavy element isotopes will have sufficiently long half-lives to permit chemical studies as well as more detailed studies of their SF properties such as fragment kinetic energies, total kinetic-energy distributions, and mass-yield distributions. The reports of the longer-lived Sg isotopes almost immediately prompted an international group to plan for chemical studies of Sg and preliminary results of these experiments have just been reported by Schadel et al. [20] in Nature. Now the real challenge to the extension of the chemical studies to elements beyond 106 will be to find the best production reactions and devise 5 methods for optimizing the production rates, perhaps by using multiple targets and multiple transport systems together with the most efficient chemical and physical separation systems.
Nuclear properties
One of the most fundamental properties of the heavy and superheavy nuclei (and the most important to us) is their stability. In 1996, Sobiczewski [16] The calculations are based on the macroscopic-microscopic model using a multi-dimensional deformation space describing axially symmetric nuclear shapes. Especially noteworthy is that SF half-lives are calculated individually (with no averaging) using a four-dimensional deformation space describing axially and reflection-symmetric shapes. The fission trajectory is determined by minimizing the action integral in the multidimensional deformation space. Resistance to shape changes are described by the effective inertia for motion along the one-dimensional trajectory. The inertia has been found to be more reliable than a "phenomenological" mass parameter. Use of the larger deformation space gives larger potential energy barriers. For calculation of masses and a-decay known experimental values. The calculations predict that for element 106, SF decay will not predominate until N>164, for 108 SF will not take over until N>166, and for Z=110, 112, and 114, a-decay will dominate until around N=170 when the a-and SF half-lives become comparable. This would be a good region for more detailed studies of SF properties if these isotopes can be made in sufficient yield and can be positively identified. Information about the kinetic energies and mass distributions of the fragments would be especially interesting in order to see if the abrupt change to symmetric mass division observed in the heavy fermium isotopes [22] persists above element 104, and if there are special features associated with the region around the deformed shells at Z 1 0 8 , N=162.
The SF half-lives again increase above N=170 and it was suggested [23] that due to these deformed shells there will be a peninsula of relatively stable nuclides extending up to the relatively stable region around the doubly magic spherical nucleus 2981 14. However, in direct disagreement with this, other calculations using the fermion dynamical symmetry model (FDSM) [24] indicate that the newly discovered isotopes of 1 10, 1 1 1, and 112 are near the "true" island of spherical superheavies which has been shifted down in neutron number. Other calculations [25] indicate that some of the predicted superheavies may be proton unstable, but the half-lives for this mode are believed to be sufficiently long that they should not affect the total half-lives appreciably.
New experiments are being planned to synthesize spherical superheavy nuclei in the region of E 1 14 and N=184, but it is not possible to reach neutron numbers near 184 with stable targets and beams. However, attempts will be made to produce nuclei with the largest possible neutron number using long-lived neutron-rich actinide targets and neutron-rich projectiles. The reaction 244Pu(48Ca,xn)292-xnl14 is one of the better possibilities. Another is the reaction 8 248Cm(48Ca,xn)296-Xn116 which was investigated earlier [26] with negative results, but the cross section limits which were set then were far above the sensitivity that could now be achieved and the reaction should be reinvestigated.
Chemical properties of the transactinides
Theoretical studies. Fig. 9 of the nonrelativistic vs. relativistic Dirac-Fock calculations [34] of the valence orbital eigenvalues for the group 6 elements, Mo, W, and Sg shows the large differences due to relativistic effects.
Experimental Studies. The challenges for the experimentalist are extremely formidable and include low production rates, half-lives of a minute or less for the transactinide isotopes (Fig. 3) , the necessity for detection and positive identification of the element being studied, and discrimination against the many unwanted activities which are produced. In addition, an accelerator capable of delivering high intensity beams which also has a protected beam line where irradiation of sometimes extremely radioactive targets can be carried out is needed.
Facilities and expertise for fast radiochemical separations and detection techniques, and for preparation of radioactive targets are necessary. Furthermore, atom-at-a-time chemistry on site or even on-line at the accelerator is required for studies of the transactinide elements, and appropriate chemical separation techniques must be used in which equilibrium is reached very rapidly and the atoms or ions involved undergo many interactions, thus ensuring statistical chemical behavior. Typically, chromatographic systems have been used for both aqueous-and gas-phase systems. These have included liquid-liquid extractions or solid-liquid extractions and gas-phase thermochromatography or isothermal chromatography.
In 1970, Silva et al., [36] Table 1 .) The reaction products recoiling from the relatively thin A series of chromatographic separations of element 105 using the Automated Rapid Chemistry Apparatus (ARCA II) [43] Experiments with the SISAK system, a micro-centrifuge system for performing liquidliquid extractions on the second-time scale, coupled to a continuously flowing liquid scintillation system (LISSY) [42] to allow detection of a-a correlations were also performed to extract Sg from 1 M a-HIE3 into trioctylamine (TOA) but the detection limit at that time of -1 nb was not sufficient for detection of Sg.
Future
More Sn studies. Plans for additional experiments on Sg are being made in order to investigate the chemistry in more detail to see if there are unexpected differences within the group 6 elements as there have been within the group 4 and 5 elements. In addition, techniques for studying shorter-lived isotopes with ARCA are envisioned so that the parent Sg itself, rather than its daughters, can be measured directly.
Improvements to the overall production rates and possible multiple target systems are being considered. Better limits on the SF branch of 266Sg would be extremely valuable for comparison with theoretical predictions. OLGA coupled with a detection system to permit measurement of coincident fission fragments would be ideal for this investigation.
Improvements to SISAK-LISSY are continuing, and in experiments conducted in 1996 at LBNL [57] , 0.85s 224Pa was separated and measured by detection of a-a correlations from its decay chain as shown in Fig. 10 . However, the overall yield was only about 10% after correction for the estimated yields for the gas transport system, detection system, decay prior to measurement, etc. This is lower than observed in off-line tracer experiments and the reasons for this are not yet clear but are being investigated [58] .
Elements bevond Sg. In order to produce longer-lived isotopes for chemical studies of elements heavier than Sg, attempts will be made to synthesize isotopes with N near 162. Some of the best reactions for elements 107 through 109 are included in Table 1 , together with those commonly used to produce elements 103 through 106 for chemical studies.
The longest known isotope of element 107 is 0.44-s, 2MNs but it is predicted that 267Ns which has 160 neutrons will have a half-life of about 10 s and decay by a-emission. 266Ns which has only one less neutron should also have a similar half-life and could be made by a 5n reaction using the same 249Bk target as shown in Table 1 with a similar cross section. The chemistry is expected to be similar to the group 7 elements Tc and Re. Preliminary on-line tracer experiments have been performed with OLGA on volatile oxy-and hydroxycompounds of lg271g4Re, and it seems that the sensitivity of the present OLGA system should be adequate, but the sensitivity of SISAK is not yet at the 30 pb level and the half-life may be too short for ARCA.
The longest known isotope of element 108 is 9-s 269Hs, which could be produced by a 5n reaction on the same targets as shown in Table 1 It is expected to have a volatile tetroxide as do the group 8 elements Ru and Os.
In addition to the reactions to produce element 109 as 271Mt shown in Table 1 , the reaction 254Es(22Ne,4n) to produce 272Mt (-1s) has a larger estimated cross section of 1 pb and should be considered if a target of even 20 or 30 pg of the rare 276-day 254Es can be produced.
In order to perform chemical studies of Hs and Mt, significant improvements in the production rates and efficiencies of the various techniques are required.
The BerkeZev Gas-FiZZed Separator. A new separator is currently being built at Berkeley, called the Berkeley Gas-Filled Separator or BGS which can be used as a "pre-separator" for subsequent chemical studies in addition to its proposed broad-based physics program. Some of the advantages of the BGS over current separators and the early heavy element experiments which are being planned are outlined in Table 2 . One of the most exciting experiments will be to look for the doubly deformed 270Hs to see if, indeed, the theoretical predictions are correct. If so, a whole new vista of longer-lived isotopes opens before us. The challenges will be to find suitable production reactions and ingenious ways to increase production rates with the use of multiple targets, more efficient collection and transport systems, and to devise efficient chemical separation techniques in order to enter this frontier region. 
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